Plasma deposition of silicon nitride on silicon substrates in a microwave electron cyclotron resonance N 2 /Ar/SiH 4 discharge was studied as a function of gas pressure ͑1-5 mTorr͒, gas composition, and discharge power ͑250-1000 W͒. The dependencies of deposition parameters on discharge characteristics obtained at 1 mTorr appear to be essentially different from those at higher pressures. Optical emission spectroscopy was used for plasma characterization. A high degree of ionization and dissociation of gas molecules was observed under present plasma conditions. It is shown that the contribution of ionized species to film deposition is comparable with that of neutral ones under high power and low pressure conditions. The best quality of films was obtained at a moderate rather than the highest available dissociation degree of silane.
I. INTRODUCTION
SiN thin films are used in many applications in Si and III-V compound semiconductor devices. Electron cyclotron resonance plasma enhanced chemical vapor deposition ͑ECR-CVD͒ of thin films has distinct advantages over conventional rf plasma processes, including low process pressures that enable a good step coverage, low deposition temperatures, reduced process contamination ͑due to electrodeless coupling of plasma͒, and potentially low damage deposition. [1] [2] [3] [4] ECR plasmas are known to produce a high degree of ionization, and the electron temperature T e is relatively high ͑can exceed 10 eV͒, depending strongly on discharge parameters, especially gas pressure. [5] [6] [7] At small pressures, a high degree of dissociation of reagents ͑N 2 and SiH 4 ) can be achieved not only in the ECR chamber, but also in the downstream region. Since nitrogen and silane molecules have quite different dependencies of dissociation parameters on T e , for the deposition of stoichiometric silicon nitride the independent control of activation ͑dissociation͒ processes for these two reagents is required. In ECR-CVD, different channels can be used to introduce reagents into the reaction zone: nitrogen through the ECR chamber, and silane directly into the process chamber. In this case nitrogen can be totally dissociated in the ECR chamber, provided the electron density and temperature are high enough. This can simplify considerably the search for optimal conditions in deposition.
At present, little is known about the numerous gas-phase and surface processes involved in deposition of silicon nitride from N 2 /Ar/SiH 4 mixtures in high-density ECR plasmas. However, for the process optimization, knowledge of the contribution of various mechanisms to film deposition is desirable. To minimize the effect of gas-phase reactions between radicals in plasma, experiments were performed mainly at low pressures ͑1-3 mTorr͒, where a mean free path for molecular collisions is comparable with reactor dimensions, so that deposition process involves mostly primary silane dissociation fragments.
The process of film growth is dominated by top-surface reactions of incident species, depending on their sticking probability, probability of recombination ͑resulting in formation of volatile products which return to gas phase͒, surface diffusion, and mean energy per deposited atom released to the surface. 8 A high mobility of adsorbed particles is required to reduce surface roughness and porosity. Under low surface temperature conditions the excess energy brought to the surface by ions and metastables or released by surface reactions ͑where mainly atomic hydrogen is involved͒ can enhance surface mobility and structural rearrangement. For the process optimization, an intermediate rather than the highest degree of silane dissociation should be achieved, when the contribution of low-sticking SiH 3 radicals is still high enough to provide the formation of good quality film and the surface hydrogen content is well controlled ͑basi-cally, at a low level͒ also. The tradeoff between the above mentioned and other requirements is an area of current research activities. 3, 4 In this work the results of SiN film deposition by ECR-CVD are reported, with particular attention to the main plasma and surface processes occurring during film growth. To monitor the main plasma parameters, optical emission spectroscopy ͑OES͒ was employed. A modified version of the atomic/ionic line pairs method 9 was used for the characterization of the electron temperature and density changes with discharge parameters. A short description of a͒ Electronic mail: Jacobus@dsif.fee.unicamp.br the method is given in Section II ͑for more details, see Ref.
10͒, with the main emphasis on the problem of the method validity for the high-density low-pressure plasma conditions.
II. LINE PAIRS METHOD FOR THE MEASUREMENTS OF PLASMA ELECTRON PARAMETERS
OES is a powerful tool for plasma diagnostics. Under some conditions, by measuring the atomic ͑ionic͒ relative line intensities, the method can be used for monitoring the changes in electron parameters. 9, [11] [12] [13] The main advantage of the method is noninvasive character of the measurements. Moreover, since the excitation thresholds for many atomic and especially ionic lines are relatively high, OES measurements are very sensitive to the changes in the high-energy tail of electron energy distribution function. The same highenergy fraction of plasma electrons is responsible for the generation of radicals and ions in plasma, so that the changes of line intensities with discharge parameters can give information on the rate of important plasma processes, even if densities of resulting products are too small to be observed in emission spectra.
In contrast to a conventional rf discharge, in ECR plasmas the ionic line intensities can be rather high. Then, the version of the line pairs method 12 can be used by comparing atomic/ ionic lines of the same element. Here the high sensitivity for T e changes can be achieved since the difference between excitation thresholds for the atomic/ionic lines involved is much higher than for atomic line pairs. In this case, a certain model for the excitation and ionization balances should be assumed for the treatment of results. In the case of ECR plasmas, the problem of the applicability of various plasma models for use in the line pairs method was studied only briefly. 11 Perhaps this is the reason why this method is still rarely employed in ECR plasma studies. In this case, a corona model can be accepted, 9 where electron impact excitation is balanced by spontaneous radiation and the ionization balance is determined by the equilibrium between electron impact ionization and losses due to diffusion ͑but not due to collisional-radiative or dissociative recombination, as it is sometimes supposed, although dissociative recombination can dominate at T e р1 eV in molecular gases͒. An electronimpact excitation cross-section changes with energy as 14 Q ex ϳb(E)/E, where the energy dependence of parameter b is generally different for atomic and ionic lines. Because electron density is decreasing rapidly with energy above the excitation threshold ͑W͒, the contribution of electrons with energies near the threshold ͑within W and 3 W͒ is the most significant. For this limited energy range the following approximations can be used for allowed transitions: After integrating over the electron energy distribution function ͑Maxwellian distribution can be assumed͒, one can get the following expressions for the temperature dependencies of the detected signals of line emission by atoms and ions, respectively:
10 I a ͑ T e ͒ϭgC͑ a ͒n e n a T e 1/2 exp͑ϪW a /T e ͒, ͑1͒
where n e , n a , and n i are the densities of electrons, atoms, and ions ͑n e ϭn i ), g is the efficiency of light collection, C() is the wavelength-dependent factor ͑including the spectral sensitivity of the detection system͒, and excitation from ground states for both atoms and ions is assumed. Then, instead of the commonly used I i /I a ratio, we use the ratio of I i 1/2 /I a , which depends only on electron temperature ͓thus we do not need to include any assumption on n e (T e ) dependence͔. Therefore, the changes of this ratio characterize only the relative changes in T e , with all other factors ͓as C() and g͔ being excluded:
If the value of T e1 is known from independent measurements, the relative temperature change with discharge parameters T e2 /T e1 can be found by use of Eq. ͑3͒ from the measured relative intensities of atomic/ionic lines. Once electron temperatures for particular discharge conditions ͑1͒ and ͑2͒ are known, the relative changes of electron densities n e2 /n e1 also can be evaluated by use of either Eq. ͑1͒ or ͑2͒.
III. EXPERIMENT
Electron cyclotron resonance plasma source was used for deposition of silicon nitride thin films on p-type ͗100͘ Si in a ECR-CVD system ͑Plasma Therm Inc., SLR770͒. Microwave power at 2.45 GHz ͑up to 1 kW͒ was introduced to the discharge chamber through a quartz window. In order to increase the energy of ions bombarding the substrate, an additional negative biasing of the substrate holder can be provided by applying rf power. In this series of experiments basically a low level of rf power ͑1 W͒ was used. A N 2 /Ar gas mixture was introduced from the top of the discharge chamber ͑ N 2 /Ar flow ratio typically was 1/2, and the total flow was varied between 7.5 and 40 sccm͒, and a SiH 4 /Ar gas mixture ͑containing 2% of SiH 4 ) was introduced into the process chamber through a ring-type gas inlet, with a total flow varied from 75 to 200 sccm. Deposition time typically was 20 min, and the operating pressure was in the range of 1-5 mTorr. Substrate temperature was controlled with an accuracy better than 5°C in the range of 20-90°C, with most of the data being obtained at 20°C. OES was employed for downstream plasma diagnostics at two regions ͑the upper and lower parts of the process chamber͒, separated by 10 cm: at the exit of the plasma chamber and just above the sample. Plasma emission was collected using an optical fiber and analyzed by use of a 0.75 m monochromator (ϳ1 Å spectral resolution͒. After the process, the film refraction index ͑633 nm͒, Fourier transform infrared ͑FTIR͒ absorption spectra, and etch rate in a buffered HF solution were measured.
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IV. RESULTS AND DISCUSSION

A. OES results
For the testing of the method described in Section II, some experiments were carried out with pure Ar, where data from other works can be used for comparisons. Various Ar atomic lines ͑415.8, 696.5, and 750.3 nm͒ and Ar ionic lines ͑480.6 and 488.0 nm͒ were used. As a reference point, for the Ar discharge at 1 mTorr and 1000 W, the values of 6 eV and 10 11 cm Ϫ3 were accepted for electron parameters, according to the data available for Ar ECR discharge at the same conditions. 6, 7, 15, 16 It has been found that:
͑i͒ electron temperature depends inversely on gas pressure, rapidly increasing with reducing pressure, ͑ii͒ electron density increases with pressure, with the tendency to saturate at pressures exceeding 5 mTorr ͑see Fig. 1͒ .
The electron temperature slightly increases with power ͑a more pronounced effect of power is at lower pressures͒, and the electron density rise is almost linear with power. T e values are about the same in the upper and lower parts of the process chamber at 1 mTorr, and a small decrease was observed along the downstream at higher pressures, while n e values were typically 2-3 times less in the lower part. About the same temperatures were found for pure Ar and gas mixtures used for deposition at low pressures, while some decrease (ϳ10%͒ was observed at higher pressures. All the results obtained are consistent with the data available from other experiments and existing models of ECR plasmas, 6, 7, 15, 16 which proves the validity of the method used. In further experiments, a comparison of the results obtained by use the method described with electric probe measurements will be made. 10 The study of emission spectra showed that a high degree of dissociation of gas molecules does occur under present plasma conditions. N 2 and N 2 ϩ emission, which is known to be the main feature in the spectra emitted by conventional rf plasmas containing even small amounts of nitrogen, practically disappeared at pressures lower than 5 mTorr, indicating that all nitrogen introduced into the ECR chamber was dissociated, and only atomic ͑neutral and ionized͒ nitrogen entered the process chamber from the high-density ECR source region. A lower dissociation degree can be expected for silane, which was introduced into the reactor chamber, where the electron density is considerably less ͑see above͒.
B. Deposition results
Within the described frame of process variables, deposition rates in the range of 2-13 nm/min were obtained, with the refractive index being in the range of 1.7-2.0. Some experimental results are presented in Figs. 2 and 3 . The ratio of Si/N in the film was estimated from the data on refractive index. 3 FTIR spectra showed the presence basically of an Si-N stretching mode ͑840-880 cm ). However, no absorption was found at 2200 cm Ϫ1 ͑Si-H bonds͒, indicating that even under low rf power conditions the removal of hydrogen bonded to Si was quite effective. 17 Dependencies of deposition rate and film characteristics on ECR power were found to be essentially different for 1 mTorr and higher pressures ͑see Figs. 2 and 3͒. At 1 mTorr the deposition rate ͑DR͒ was increasing almost linearly with power, with the etching rate ͑ER͒ in buffered HF also increasing, while the refraction index was decreasing ͑i.e., Si content reducing͒. The Si-N peak position was shifted from 875 to 843 cm Ϫ1 , and the N-H stretching peak disappeared at a low power level ͑250 W͒, giving evidence of the formation of low-stress films with reduced hydrogen content. In contrast, at higher pressures the DR tends to saturate with power. The ER is decreasing, the refractive index is increasing ͑i.e., Si content rising͒, and the Si-N peak shows the shift to lower wavelength ͑reducing of film stress͒ with power. For the purpose of comparison the power dependence of relative deposition rate DR/q͓SiH 4 ͔ ͑where q͓SiH 4 ͔ is the silane flow rate͒, characterizing the utilization of silane, is shown in Fig. 2͑c͒ .
The results obtained can be considered in terms of the dissociation and ionization degrees of silane and nitrogen, which are changing substantially with gas pressure. For different radicals produced in a silane plasma the sticking coefficients s can differ strongly. The lowest sticking coefficient was found for SiH 3 ͑sϳ0.1͒, while for radicals with lower hydrogen content ͑SiH xϭ0 -2 ) it is commonly assumed that sϳ1, based on the data obtained for deposition on Si surfaces. 8 However sticking properties depend on surface composition, and thus can be different for Si and Si-N surfaces. Generally, a high sticking coefficient implies a low surface mobility of radical, so that highly sticking SiH xϭ0 -2 radicals dominating at low-pressure discharges have much lower surface mobility than SiH 3 . With an increasing degree of silane dissociation the maximum rate of deposition can be expected. At the same time the excess flux of hydrogen at-FIG. 1. Relative dependencies of electron temperature ͑solid͒ and density ͑dashed͒ on gas pressure, pure Ar, 1000 W, T e max corresponds to 6 eV.
oms ͑as the other product of silane dissociation͒ to the surface can result in etching of the growing top layer and thus a reduction of the overall film growth rate. In the case of Si:H deposition a loosely bound polymerlike surface phase is supposed to be effectively removed in this way, leaving only a dense Si surface. 8 However, at the presence of adsorbed nitrogen the excess flux of hydrogen can affect the growth process even more.
At low pressure ͑1 mTorr͒ OES measurements give the highest electron temperature ͑it can reach 6-8 eV 6, 15 ͒, thus complete dissociation of nitrogen is achieved already at low ECR power ͑i.e., at electron density ϳ10 10 cm
Ϫ3
). The further power rise results in the gradual increase of the silane dissociation degree, the fraction of radicals with low hydrogen content, and the fraction of ionized nitrogen as well as ͑to a lesser degree͒ of ionized SiH x ϩ radicals. 18 Then, the rate of deposition is rising as a result of the increasing contribution of SiH xϭ0 -2 ͑highly sticking͒ radicals and ionized species ͑originated from both silane and nitrogen͒, which are confined by a slightly divergent magnetic field spreading into the downstream region. These ionized species provide partially anisotropic deposition. A substantially increased content of nitrogen in deposited films was observed with a power rise from 250 to 500 W ͑see Fig. 3͒ . The enhanced contribution from highly sticking radicals leads to the formation of a porous film, and the ER should increase, in accordance with that observed. The fractional contribution of ionized species to deposition can be estimated from the comparison of total flow rate of silane ͑and nitrogen͒ and the DR value. Assuming that all the silane is dissociated and uniformly deposited on the process chamber walls ͑total area of ϳ4000 cm 2 ) without losses due to pumping out ͑in order to estimate the upper limit for the isotropic deposition rate͒, one can calculate a silicon nitride DR, which appears to be at least a factor of 2 smaller than that experimentally obtained at 1 mTorr and 1000 W. This implies that ϳ50% of deposition obtained was due to the contribution from ionized components. Taking into account the porosity of the film, this estimate can be somewhat reduced, but on the other side, this reduction is likely less significant than the increase due to incomplete dissociation and losses of silane with pumping.
At higher pressures ͑lower T e values͒ the contribution from ionized species to DR is evidently less significant, as well as the degree of silane dissociation. In this case, the level of film porosity ͑and nitrogen content in films͒ was found to decrease with power. This can be as a result of the excess of nitrogen flux, already dissociated at low power, while the silane dissociation is still small. With increasing power the contribution of silane dissociation products is rising, making denser films with lower nitrogen content. At the same time, the increasing flux of atomic hydrogen can remove ͑etch͒ the loosely bound polymerlike porous layer. Since at higher pressures the electron temperature is less, the degree of ionization of the reagents is not enough to reach the same level of silane utilization ͓characterized by DR/q͓SiH 4 ͔, see Fig. 2͑c͔͒ as for 1 mTorr. The tendency of saturation of DR, more evident at higher pressures ͑3 and 5 mTorr͒ can be explained by reduced contribution of ionized components. Note that OES data show also the saturation in line pair ratios ͓see Fig. 4͑a͔͒ , in contrast to that observed for 1 mTorr case. In Fig. 4͑b͒ are also shown the relative changes of the hydrogen H ␤ line intensity, normalized to the intensity of the Ar line. This ratio characterizes the degree of silane dissociation, and its power dependence is also different for these pressures. Another possible mechanism that can be considered responsible for the observed saturation of DR with power is that the sticking probability ͑or the overall surface reaction probability͒ for radicals with lower hydrogen content may be reduced at high nitrogen surface coverage. It should be noted that at elevated wafer temperatures and larger nitrogen content in the gas mixture we observed a reduction of DR as the power increased from 500 to 1000 W. This effect can also occur at 1 mTorr, but it is masked by the tendency of increasing contribution for deposition from ionized species.
With the nitrogen flow rate increasing from 6 to 13.5 sccm, DR was only slightly reduced (ϳ5%͒ and ER was increasing (ϳ15%͒, while the Si-N peak position and refraction index were practically the same. This indicates that under the present conditions ͑low substrate temperature and low biasing͒ a surface growing zone is saturated with nitrogen, which can be removed by enhanced rf biasing.
V. CONCLUSIONS
Silicon nitride thin film deposition was performed by ECR-CVD from N 2 /Ar/SiH 4 at low pressures ͑1-5 mTorr͒. Optical emission spectroscopy was employed for characterization of plasma composition and electron parameters by use of the atomic/ionic line pairs method. The dependencies of deposition parameters on discharge characteristics ob- tained at 1 mTorr appear to be essentially different from those at higher pressures. Particularly, the deposition rate increases linearly with power at 1 mTorr, while saturation with the power was obtained at pу2 mTorr. The observed effects can be explained by analysis of dissociation and ionization balance in the plasma, which is strongly dependent on the gas pressure. The contribution of ionized species to deposition was shown to be important, especially at low pressures. It was shown that under present room temperature conditions low-stressed films with reduced hydrogen content can be obtained at low pressure and power in the range 250-500 W, with intermediate ͑not maximum͒ ionization and dissociation degrees of silane.
